INTRODUCTION {#h0.0}
============

*Pseudomonas syringae* has been found in diverse habitats ([@B1]), with extensive multiplication occurring primarily during its association with plants. Many pathovars of *P. syringae* cause foliar diseases that manifest as necrotic spots. The *P. syringae* pv. syringae B728a strain, which causes bacterial spot of bean (*Phaseolus vulgaris* L.), exhibits particularly pronounced growth on leaf surfaces, designated epiphytic sites, as well as in the intercellular spaces of leaves, known as the apoplast. In a recent study, we demonstrated differences in the global transcript profiles of B728a cells during growth in epiphytic versus apoplastic sites, suggesting that *P. syringae* encounters distinct environments in these two plant habitats ([@B2]). The transcript profiles suggested that B728a cells experience a spatially heterogeneous nutritional habitat in epiphytic sites, thus requiring active motility and chemotaxis for relocation, compared to a nutritionally uniform environment in the apoplast where these traits were repressed. They also indicated habitat-specific differences in strategies for coping with plant defenses and water limitation. This habitat specificity of the global transcript profiles implies the involvement of distinct regulatory networks in each leaf habitat.

Like most pseudomonads, the genome of *P. syringae* B728a encodes a large number of transcriptional regulators consistent with the need to adapt to diverse environments during its life cycle. Here, our goal was to begin to identify the major regulatory networks that operate in strain B728a during colonization of the surfaces and apoplast of leaves, with the hope of better understanding their relative importance during the epiphytic and pathogenic stages of the *P. syringae* life cycle. The portfolio of genes controlled by bacterial regulators, such as quorum-sensing regulators, sigma factors, and two-component systems, is often characterized in a single environment, despite the possible influence of environmental signals on regulon content. The two-component activator GacS/GacA is among the most widely studied of the global regulators in *Pseudomonas* spp. GacS was discovered in strain B728a based on its role in inducing disease ([@B3]), with GacA later identified as a regulator of secreted secondary metabolites and enzymes in *Pseudomonas protegens* ([@B4]). GacS/GacA commonly contributes to the virulence and biocontrol activities of *Pseudomonas* spp., and in some strains, to motility and the oxidative stress response. The environmental signals activating GacS are not known. The regulatory mechanism involves GacS-mediated phosphorylation of GacA, enabling GacA-mediated transcriptional activation of genes encoding small RNAs (sRNAs), which bind to translation repressors and relieve repression of translational initiation ([@B5]). In strain B728a, GacS/GacA regulates production of the phytotoxins syringomycin and syringopeptin, a quorum signal molecule, and the exopolysaccharide (EPS) alginate, swarming motility, and the transcriptional activator SalA ([@B6][@B7][@B8]). SalA activates genes for syringomycin production and lesion formation in other *P. syringae* pv. syringae strains as well ([@B9], [@B10]). GacS/GacA- and SalA-regulated genes in *P. syringae* have been examined in culture but not yet *in planta*, despite the fact that plant products enhance the expression of the SalA-regulated syringomycin and syringopeptin genes ([@B11], [@B12]). Recently, the hybrid two-component sensor-kinase RetS was found to regulate EPS production and the type VI secretion system (T6SS) in a manner opposite that of GacS/GacA in B728a ([@B13]), suggesting that it is reciprocal to GacS/GacA in its regulatory role.

Among the 15 sigma factors in strain B728a, 10 are extracytoplasmic function sigma (ECF-σ) factors. The best-characterized ECF-σ factor in *P. syringae*, HrpL, has a central role in virulence due to its activation of genes encoding the type III secretion system (T3SS) and effector proteins that help suppress the plant's defenses during infection. HrpL-regulated genes have been widely studied in *P. syringae*, including in strain B728a ([@B14]), and clearly contribute to growth in the apoplast and in epiphytic sites ([@B15]). Among the remaining ECF-σ factors, several are involved in responding to iron limitation ([@B16], [@B17]), but only AlgU, also known as AlgT, has been shown to contribute to *P. syringae* fitness on leaves ([@B18]). AlgU was discovered as an activator of alginate biosynthetic genes ([@B19]) but regulates a broad range of genes in response to cell envelope stress ([@B20]). The finding that B728a cells are exposed to envelope stress in the form of water limitation in both epiphytic and apoplastic sites ([@B2]) suggests a major role for AlgU in the regulatory networks active on leaves. Like AlgU, the sigma factor RpoS has a role in bacterial stress tolerance, including in pseudomonads ([@B21]), although its role in the stress tolerance and *in planta* fitness of strain B728a has not been examined. A final sigma factor, RpoN, is distinct from other sigma factors in that it requires one or more transcriptional activators for regulation, whereas other sigma factors may or may not involve such activators. RpoN was identified based on its activity during nitrogen starvation, but a preliminary analysis indicated that in B728a, as in other bacteria, RpoN regulates genes with diverse functions ([@B22]). Moreover, these functions are likely relevant to growth *in planta* based on RpoN regulation of the phytotoxin coronatine ([@B23]) and HrpL, and thus the T3SS ([@B24]), in other *P. syringae* pathovars.

Quorum regulation also has the potential to be a major form of regulation *in planta*. The perception of diffusible signal molecules is, in fact, enhanced on leaf surfaces due to restricted diffusion, as evidenced by the requirement for only a small quorum size for signal-mediated activation ([@B25]). *P. syringae* B728a uses the LuxI/LuxR homologs designated AhlI/AhlR to produce and respond to the signal molecule 3-oxo-hexanoyl-homoserine lactone (3-oxo-C~6~-HSL) ([@B26]). Loss of 3-oxo-C~6~-HSL synthesis was associated with reduced epiphytic fitness as well as reduced alginate production and increased swarming in culture ([@B26], [@B27]). Production of 3-oxo-C~6~-HSL was enhanced by the transcriptional activator AefR in B728a and other *P. syringae* strains ([@B26], [@B28][@B29][@B30]). Despite the evidence for quorum-sensing regulation in strain B728a and for regulation of large numbers of genes by many bacterial quorum-sensing regulators, we do not yet have a comprehensive picture of the breadth of genes and traits subject to this regulation in B728a in culture or *in planta.*

Here, we performed a global transcriptome analysis of *P. syringae* pv. syringae B728a and nine B728a mutants deficient in the regulators that we predicted to have the greatest role in growth *in planta*, namely, GacS, SalA, RetS, HrpL, AlgU, RpoS, RpoN, AhlR, and AefR. We compared the transcriptomes of cells recovered from epiphytic sites and apoplastic sites to better understand their relative contributions at these distinct leaf sites. Last, we compared the transcriptomes of these strains when unstressed or exposed to four environmental stresses predicted to occur in the phyllosphere, thus elucidating the roles of environmental signals on the genes influenced by each regulator.

RESULTS AND DISCUSSION {#h1}
======================

The sizes of the regulons indicated that RpoN, GacS, SalA, and AlgU influenced the greatest number of genes *in planta* among the regulators examined. {#h1.1}
------------------------------------------------------------------------------------------------------------------------------------------------------

We constructed nonpolar deletion mutations in each of the target regulatory genes *ahlR*, *aefR*, *salA*, *rpoS*, *algU*, *hrpL*, and *rpoN* and used nonpolar deletion mutations in *retS* and *gacS* that were described previously ([@B13]). We examined the global gene expression profiles of *P. syringae* B728a and these nine mutants under seven environmental conditions: on bean leaf surfaces after incubation for 24 h under moist conditions and 48 h under dry conditions (i); in the leaf apoplast after a 48-h incubation (ii); in log-phase cells grown in a basal medium (iii); in log-phase cells grown in a basal medium followed by 15 min of exposure to osmotic stress (iv) or oxidative stress (v) or followed by 2 h of starvation for nitrogen (vi) or iron (vii), as described previously ([@B2]). Each treatment was performed using two biological replicates. *P. syringae* B728a and ∆*ahlR* and ∆*aefR* mutants were examined in one laboratory, designated lab I. *P. syringae* B728a and ∆*retS*, ∆*gacS*, and ∆*salA* mutants were examined in lab II, and strain B728a and ∆*rpoS*, ∆*algU*, ∆*hrpL*, and ∆*rpoN* mutants were examined in lab III. Transcriptome data were generated based on hybridization of cDNA derived from total RNA to a B728a microarray, with subsequent calculation of robust estimated mean values for the fluorescence intensity measurements for each open reading frame (ORF) on the array, which was then subjected to linear models for microarray data analysis, as described previously ([@B2]).

For each regulator, the set of genes that significantly differed in transcript levels between the regulatory mutant and the wild type was identified in each of the environmental conditions tested. The criterion used for differential expression was a false discovery rate of 1% (i.e., *q* value of \<0.01). Each regulon, defined as a collection of genes that were directly or indirectly affected by a given regulator, was estimated by the union of the sets of identified differentially expressed genes from each of the seven environmental conditions. The regulon sizes, shown as the total number of unique genes ([Table 1](#tab1){ref-type="table"}), ranged from only 9 genes for AhlR to 3,635 genes, or 71% of the *P. syringae* B728a ORFs examined for RpoN. The magnitude of the differences in the sizes of these regulons was not expected, with the greatest surprise being the small sizes of the regulons influenced by AhlR, AefR, and HrpL; these findings will be discussed below. The minimal regulon, i.e., the genes that were differentially expressed under every condition, was very small for each regulator, suggesting a major impact of environmental conditions on the composition of these regulons.

###### 

Number of genes that differed in transcript levels between mutants lacking individual regulators and the wild type under seven environmental conditions^[*a*](#ngtab1.1)^

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Regulator   No. of genes that differed under environmental condition^[*b*](#ngtab1.2)^:   Total\                    Minimal\                                                       
                                                                                            unique\                   regulon^[*d*](#ngtab1.4)^                                      
                                                                                            genes^[*c*](#ngtab1.3)^                                                                  
  ----------- ----------------------------------------------------------------------------- ------------------------- --------------------------- ------- ------- ----- ---- ------- ---
  AhlR        1                                                                             3                         3                           7       0       5     9    9       0

  AefR        5                                                                             9                         7                           9       6       8     20   29      3

  GacS        320                                                                           311                       920                         9       1,643   360   28   2,305   3

  SalA        243                                                                           273                       307                         134     633     234   22   990     4

  RetS        33                                                                            12                        12                          0       1       14    0    43      0

  RpoS        1                                                                             3                         3                           44      162     104   2    213     0

  HrpL        3                                                                             3                         3                           5       14      8     0    16      0

  AlgU        63                                                                            810                       19                          12      29      272   34   866     6

  RpoN        1,344                                                                         2,171                     900                         1,248   801     733   22   3,635   9
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The regulatory genes that were deleted in the mutants were excluded from the gene counts; differences were determined based on a *q* value of\<0.01.

The number of genes that differed in transcript levels between mutants lacking individual regulators and the wild type under environmental conditions. The conditions included the basal medium (Basal), osmotic stress (NaCl), oxidative stress (H~2~O~2~), iron starvation (Low Fe), nitrogen starvation (Low N), epiphytic sites (Epi), and apoplastic sites (Apo).

The total number of genes influenced by the regulator in at least one environmental condition.

The total number of genes that exhibited significant differences in every one of the environmental conditions.

The subset of each regulon that was differentially influenced by the environmental conditions was also determined by using a contrast analysis to identify the genes for which the difference in transcript levels between the mutant and the wild type in a given environmental condition was distinct from that same difference in the basal medium (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). In contrast to identifying genes that differed between a mutant and a wild type under a given condition ([Table 1](#tab1){ref-type="table"}), this conservative approach minimized the inclusion of genes for which the differential expression in a given environmental condition was due to random variation in gene expression by either the mutant or the wild type. Here, we considered the size of the regulon to be the sum of these genes and those differing in transcript abundance between the mutant and the wild type in the basal medium ([Table S1](#tabS1){ref-type="supplementary-material"}). Greater than 90% of the genes in the RpoS and AlgU regulons exhibited differential expression in a single condition, namely, nitrogen starvation and osmotic stress, respectively, whereas \<60% of the genes in the GacS, SalA, and RpoN regulons were differentially expressed under any single condition; this finding indicates that, among the regulons comprised of at least 15 genes, the GacS, SalA, and RpoN regulons were especially impacted by multiple environmental conditions. Moreover, although environmental regulation of individual genes could be overlooked if the genes were not expressed in the wild type in a given environment, with the exception of the SalA-regulated genes under low-Fe conditions, \>80% of the genes in the GacS and SalA regulons were expressed at detectable levels in strain B728a under all of the conditions tested, supporting the conclusion that the composition of these regulons is strongly influenced by the environment.

We performed hierarchical clustering, as described in Materials and Methods, to evaluate the similarity in global transcript profiles among the samples examined in each lab. As seen previously ([@B2]), the transcript profiles for the wild-type B728a data combined across the labs showed that N starvation, growth *in planta*, and osmotic stress had the largest impacts on the transcriptome profiles ([Fig. 1A](#fig1){ref-type="fig"}). The ∆*ahlR* and ∆*aefR* mutants were similar to strain B728a in their responses to these environmental conditions ([Fig. 1A](#fig1){ref-type="fig"}). The data from the second lab showed that the Δ*retS* mutant clustered with the wild type ([Fig. 1B](#fig1){ref-type="fig"}), indicating that, like AhlR and AefR, RetS has a minimal impact on the transcriptome under these conditions. In contrast, the transcriptome profiles of ∆*gacS* and ∆*salA* mutants diverged from that of the wild type under every environmental condition, including both *in planta* treatments ([Fig. 1B](#fig1){ref-type="fig"}), illustrating a major role for these two regulators under every condition tested. The data from the third lab showed that the transcriptome profiles of the Δ*rpoN* mutant diverged from those of the wild type in all of the treatments ([Fig. 1C](#fig1){ref-type="fig"}), illustrating its key global role in sensing the environment, whereas the Δ*algU* mutant diverged only in response to osmotic stress and the *in planta* treatments ([Fig. 1C](#fig1){ref-type="fig"}), confirming the specificity of the AlgU response to hyperosmotic stress, as indicated in [Table 1](#tab1){ref-type="table"} and [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material. The global transcriptome profiles for all of the mutants were distinct for cells recovered from epiphytic versus apoplastic sites, as they were for the wild type ([@B2]), consistent with the distinct nature of these habitats and the potential for distinct roles for these regulators in each habitat.

![The regulators varied in their impact on the global transcriptome in an environmental context-dependent manner. (A to C) Hierarchical clustering was performed on the 500 genes that had the lowest *P* values in an *F* test for the combined effect among all of the samples within the data set from lab I (A), lab II (B), and lab III (C). The letters indicate the strains, as shown in the keys in the panels, and the colors indicate the *in vitro* treatments, including the basal medium (Basal), osmotic stress (NaCl), oxidative stress (H~2~O~2~), iron starvation (Low Fe), and nitrogen starvation (Low N), and the *in planta* treatments, including cells from epiphytic (Epi) and apoplastic (Apo) sites. The analysis was performed using the fluorescence intensities for each of the biological replicates, and the replicates are similarly labeled; values that are missing are described in the legend to [Fig. S1](#figS1){ref-type="supplementary-material"}. WT, wild-type strain B728a.](mbo0041419620001){#fig1}

AefR and AhlR form a regulatory network comprised of surprisingly few genes. {#h1.2}
----------------------------------------------------------------------------

In *Pseudomonas aeruginosa*, *Sinorhizobium meliloti*, and *Burkholderia* spp., quorum-sensing regulons of *N*-(β-ketocaproyl)-[l]{.smallcaps}-homoserine lactone (AHL)-dependent LuxR homologs were comprised of \>300 genes ([@B31][@B32][@B34]), although considerable diversity can exist among strains ([@B35]). Based on transcript levels in the Δ*ahlR* mutant, which was confirmed to exhibit reduced production of the 3-oxo-C~6~-HSL quorum-sensing signal (R. A. Scott and S. E. Lindow, unpublished data), AhlR regulated only nine genes under the conditions tested ([Table 1](#tab1){ref-type="table"}), and all of these genes were located near the *ahlR* locus ([Fig. 2](#fig2){ref-type="fig"}). The basal medium in these experiments was amended with 3-oxo-C~6~-HSL (10 µM) to maximize differences between the wild type and the Δ*ahlR* mutant. The decreased expression of the AhlR regulon genes in the Δ*ahlR* mutant compared to *P. syringae* B728a supports a role for AhlR as a positive regulator of these few genes ([Fig. 2](#fig2){ref-type="fig"}). The attenuated decrease in the transcript levels of the AhlR regulon genes in epiphytic sites compared to the transcript levels in the basal medium could be due to the presence of lower concentrations of quorum-sensing signals on the leaf surface than in the medium. Similarly, the larger decreases in transcript levels for the ∆*ahlR* mutant in the apoplastic sites could be associated with high cell densities in the apoplast. Our results do not provide mechanistic insights into the quorum-sensing regulation previously reported for alginate production and swarming motility in strain B728a ([@B27]). *P. syringae* pv. tomato DC3000 has orthologs of *ahlI* and *ahlR* that show a convergent orientation, as in B728a, and produces antisense transcripts of the *ahlR* ortholog ([@B36]). The convergent orientation of *ahlI* and *ahlR* in strain B728a ([Fig. 2](#fig2){ref-type="fig"}) and the induction of *ahlI* by 3-oxo-C~6~-HSL ([@B26]) suggest that *ahlR* transcript levels may be subject to quorum sensing-mediated negative feedback, which could strongly attenuate AhlR regulon expression.

![Deleting *ahlR* or *aefR* influenced the transcript levels of the genes neighboring the *ahlI-ahlR* locus. The numbers above the arrows are the Psyr locus numbers, and those below are the fold change values in transcript abundance for the indicated mutant relative to the wild-type strain B728a (WT) in cells from each of three environmental conditions. The predicted binding site for AhlR complexed with 3-oxo-C~6~-HSL is shown. The predicted functions of these genes are shown in [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material.](mbo0041419620002){#fig2}

AefR was a positive regulator of genes in the AhlR regulon, consistent with its identification as a positive regulator of 3-oxo-C~6~-HSL production ([@B26]); this regulation was observed only *in planta* ([Fig. 2](#fig2){ref-type="fig"}). AefR also regulated 20 genes beyond those in the AhlR regulon ([Table 1](#tab1){ref-type="table"}), among which was a notable repression of two efflux systems, MexEF-OprN (Psyr_2967 to -2969) and MexAB-OprM (Psyr_4007 to -4009), for which the transcripts were increased an average of 11- and 3-fold, respectively, across the seven treatments in the ∆*aefR* mutant relative to the wild type (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). These efflux pumps were identified in *P. aeruginosa* as RND (resistance-nodulation-cell division) family multidrug efflux pumps. MexAB-OprM in strain B728a is known to contribute to fitness on leaves and tolerance to antibacterial compounds ([@B37]). Although this pump effectively exports phenolic antimicrobial compounds like those associated with plant defenses ([@B37]), the role of AefR in repressing these genes is not consistent with a role for AefR in evasion of the host immune response. The AhlR-dependent subset of the AefR regulon was regulated by GacS ([Table S2](#tabS2){ref-type="supplementary-material"}), as suggested previously ([@B26]), and moreover in a SalA-dependent manner ([Fig. 3](#fig3){ref-type="fig"}), but GacS/SalA did not regulate AefR repression of these efflux systems.

![The GacS, SalA, and RetS regulatory networks in *P*. *syringae* B728a impacted diverse traits in an environmental signal-dependent manner. The regulators examined in this study are shown in blue type, regulated genes or traits are in black type, and relevant environmental signals are in red t ype. Not all traits identified in these networks are shown, and the arrows may indicate direct or indirect regulation. RpoN contributed to the coactivation or corepression of traits, as indicated. RpoN\* indicates a contribution of RpoN to positive regulation in epiphytic sites and the *in vitro* treatments and to weaker positive regulation or even negative regulation in the apoplast. 2°, secondary.](mbo0041419620003){#fig3}

GacS activated only one Rsm sRNA family member, RsmY. {#h1.3}
-----------------------------------------------------

The majority of differentially expressed genes in the Δ*gacS* and Δ*salA* mutants showed decreased expression, indicating that GacS and SalA are primarily positive regulators under all of the conditions tested. For example, 74% of the 320 differentially expressed genes in the Δ*gacS* mutant in the basal medium and 85% of the 243 differentially expressed genes in the Δ*salA* mutant in the basal medium ([Table 1](#tab1){ref-type="table"}) exhibited decreased expression compared to the wild type. To identify the *P. syringae* B728a small RNAs (sRNAs) that may be involved in GacS and SalA signal transduction, we included in the microarray design candidate sRNA genes predicted using the bioinformatic tool SIPHT ([@B38]). Out of 29 candidate sRNAs, one exhibited significantly reduced expression in the Δ*gacS* mutant under most of the conditions examined. This gene was identified as *rsmY* ([Table 2](#tab2){ref-type="table"}) based on synteny and a 98% identity with *rsmY* in *P. syringae* pv. tomato DC3000 ([@B39]). Although the reduction of the *rsmY* transcripts in the Δ*salA* and Δ*gacS* mutants suggests that, as an upstream activator of SalA ([@B7]), GacS may regulate *rsmY* via SalA, the wealth of studies showing direct GacS regulation of Rsm family genes in pseudomonads supports that GacS regulates *rsmY* directly; the ability of SalA to enhance *rsmY* transcript levels may be via feedback activation*.*

###### 

Fold changes in the transcript abundance of selected genes due to the deletion of *gacS*, *salA*, or *rpoN*

  Locus                                       Gene        Function                         Fold change in transcript abundance^[*a*](#ngtab2.1)^                                                                                     
  ------------------------------------------- ----------- -------------------------------- ------------------------------------------------------- ----------- ---------- ----------- ----------- ---------- ----------- ----------- ----------
  *rsmY*^[*b*](#ngtab2.2),[*c*](#ngtab2.3)^   *rsmY*      Regulation                       **−6.3**                                                **−4.3**    1.3        **−6.0**    **−4.7**    1.4        −19.5       −12.1       1.1
  *rsmZ*^[*c*](#ngtab2.3)^                    *rsmZ*      Regulation                       −1.5                                                    −1.2        −1.1       −1.5        1.2         1.2        −2.0        **2.0**     −7.5
  sRNA_P16                                    *rgsA*      Regulation                       1.0                                                     1.0         −1.6       **−3.1**    −2.5        3.2        −1.6        −1.1        −1.2
  Psyr_2601                                   *salA*      Regulation                       −2.2                                                    D           **9.1**    **−9.0**    D           −1.8       −7.6        D           1.6
  Psyr_2607                                   *syrF*      Regulation                       **−2.4**                                                **−2.3**    **44.5**   **−8.5**    **−6.7**    **−4.7**   −15.2       −6.8        2.7
  Psyr_2611                                   *syrB1*     Syringomycin synthesis           −1.5                                                    −1.6        **54.7**   **−12.5**   **−10.5**   **−5.1**   **−34.5**   **−21.7**   2.8
  Psyr_2615                                   *sypB*      Syringopeptin synthesis          1.1                                                     1.0         **4.7**    −1.9        **−2.7**    −1.7       **−6.8**    −3.5        4.0
  Psyr_3041                                   *lasB*      Protease (elastin)               **−3.0**                                                **−3.0**    1.2        **−4.7**    **−5.7**    **−2.7**   −5.5        −10.0       −1.8
  Psyr_3163                                   *aprA*      Alkaline protease                **−29.5**                                               **−22.9**   **2.6**    **−28.9**   **−26.8**   −1.7       **−36.1**   **−41.5**   2.8
  Psyr_3129                                   *rhlA*      HAA synthesis                    **−3.0**                                                **−2.5**    **15.8**   **−4.3**    **−3.6**    1.6        −6.9        −3.3        1.9
  Psyr_2576                                   *syfA*      Syringafactin synthesis          1.0                                                     −1.1        **3.9**    −2.0        **−2.6**    −1.2       −2.5        −2.3        6.6
  Psyr_2577                                   *syfB*      Syringafactin synthesis          1.1                                                     −1.2        1.8        **−2.5**    **−2.9**    −1.2       −5.0        −3.4        6.6
  Psyr_2575                                   *syfR*      Regulation                       **−3.2**                                                **−3.3**    **6.4**    **−3.0**    **−3.6**    −1.2       −4.1        −2.9        1.6
  Psyr_1621                                   *ahlI*      3-oxo-C~6~-HSL synthase          **−6.2**                                                **−6.5**    1.2        **−2.9**    **−2.5**    −1.1       −5.6        −4.3        −3.1
  Psyr_1622                                   *ahlR*      Quorum regulator                 **−4.1**                                                **−4.2**    −1.2       **−4.3**    **−2.7**    1.5        −4.1        −2.7        −1.6
  Psyr_1059                                   *algE*      Alginate synthesis               **−3.7**                                                −1.8        **−3.0**   1.3         1.0         **−3.6**   −1.8        −2.7        4.5
  Psyr_3301                                   *pslA*      Psl synthesis                    −1.6                                                    −2.3        1.1        **−3.3**    **−3.1**    −1.7       −3.6        −2.4        3.7
  Psyr_0754                                   *lsc1*      Levansucrase                     −2.7                                                    **−3.4**    −1.8       1.8         −1.2        −1.6       −1.4        −5.1        1.3
  Psyr_1704                                   *sylC*      Syringolin A synthesis           −1.7                                                    −1.6        **6.4**    −2.1        −2.0        −1.2       **−9.8**    −6.7        2.8
  Psyr_5009                                               Secondary metabolite synthesis   **−5.3**                                                **−4.2**    **2.1**    **−3.9**    **−3.4**    −1.2       −4.4        −2.1        1.4
  Psyr_4314                                               Secondary metabolite synthesis   −1.4                                                    −1.3        **4.0**    **−4.8**    **−3.7**    **−3.9**   −17.7       −8.7        2.5
  Psyr_1374                                   *rpoS*      Sigma factor                     **−8.7**                                                **−7.0**    2.3        **−7.3**    **−6.1**    1.6        −8.8        −10.8       2.5
  Psyr_0749                                   *fadD*      Fatty acid metabolism            **−7.1**                                                **−7.6**    −1.2       **−45.1**   **−33.8**   −2.4       **−57.1**   **−40.3**   1.1
  Psyr_3185                                   *cspD*      Cold shock protein               **−3.6**                                                −1.7        **2.6**    **−4.5**    **−2.7**    **2.6**    −3.5        −1.9        1.1
  Psyr_1217                                   *hrpL*      T3SS regulation                  −1.6                                                    −1.8        1.0        2.4         2.0         −1.2       2.9         4.2         −3.7
  Psyr_1192                                   *hrpA2*     T3SS pilus                       −1.6                                                    −1.9        −1.1       **4.2**     **2.9**     **−2.6**   12.7        4.5         −2.0
  Psyr_4919                                   *avrPto1*   T3SS effector protein            −1.1                                                    −2.1        **−3.0**   **10.4**    **5.2**     **−8.7**   28.1        8.6         **−9.6**
  Psyr_2629                                   *ppkA*      T6SS-associated kinase           **−6.3**                                                **−8.2**    1.0        **−5.0**    **−3.6**    **−2.2**   −2.3        −1.4        −1.2

Values shown are the fold change in transcript abundance in the mutants lacking *gacS*, *salA*, or *rpoN* relative to transcript abundance in the wild type. The values in boldface type exhibited a significant change in transcript abundance (*q* value of \<0.01); few genes showed significant changes in the cells from apoplastic sites due to the high variation among replicate samples in the lab II data set (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). For results in all of the environmental conditions evaluated, see [Table S2](#tabS2){ref-type="supplementary-material"}. D, the gene was deleted in this mutant.

*rsmY* also showed reduced transcript abundance in the ∆*gacS* and ∆*salA* mutants in most of the stress conditions *in vitro* ([Table S2](#tabS2){ref-type="supplementary-material"}).

Comparisons to sRNAs in other pseudomonads indicated that each of these sRNAs was smaller than those predicted using SIPHT (38), with *rsmY*, *rsmZ*, and *rgsA* encoded as orthologs of PSPTO_5647, PSPTO_5652, and PSPTO_5600, respectively.

We identified *rsmZ* based on synteny and 93% identity with *P. syringae* pv. tomato DC3000 *rsmZ* ([@B39]); however, unlike in the *P. protegens*, *P. aeruginosa*, and *P. syringae* pv. tomato strains examined ([@B9], [@B40], [@B41]), *rsmZ* in strain B728a did not show altered regulation upon loss of GacS ([Table 2](#tab2){ref-type="table"}). Three of the candidate sRNAs that contain part or all of the *rsmX3*, *rsmX4*, and *rsmX5* genes, which were predicted to be regulated by GacS/GacA ([@B39]), also did not show altered regulation in the Δ*gacS* mutant except in the low-N conditions (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). However, an sRNA with 68% identity to the GacA-regulated sRNA RgsA in *P. aeruginosa* PAO1, which does not function by sequestration of the translational inhibitor RsmA ([@B42]), was positively regulated by GacS, with this regulation specific to epiphytic sites ([Table 2](#tab2){ref-type="table"} and [Table S2](#tabS2){ref-type="supplementary-material"}). Collectively, these results indicate that GacS/GacA regulation in strain B728a employs primarily a single member of the Rsm family of protein-binding, noncoding RNAs, namely, RsmY, with possible additional involvement of RgsA on leaves. Although RsmY-mediated regulation is primarily at the posttranscriptional level via inhibition of translational initiation, this inhibition is associated with reduced transcript stability and thus can be detected based on transcript abundance ([@B43]).

GacS and SalA activated genes that are consistent with the known phenotypes of *P*. *syringae* B728a *gacS* and *salA* mutants. {#h1.4}
-------------------------------------------------------------------------------------------------------------------------------

The GacS/GacA and SalA regulons have not yet been characterized in *P. syringae* B728a despite the fact that *gacS* and *salA* were originally identified in this strain. Although clear orthologs of SalA are absent in most pseudomonads, including other *P. syringae* strains, our data indicate a major role for SalA in the GacS/GacA regulatory pathway in strain B728a. SalA affected about a third of the 2,305 genes affected by GacS. Loss of *gacS* reduced *salA* transcripts 2- to 3-fold in most of the *in vitro* conditions but reduced *salA* transcripts 8- to 9-fold *in planta* ([Table 2](#tab2){ref-type="table"}; see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). This finding supports GacS regulation of SalA under all conditions and suggests that GacS activation of *salA* is enhanced by a plant-specific environmental signal, hereafter referred to as a plant signal ([Fig. 3](#fig3){ref-type="fig"}). Similarly, the plant signal-mediated enhancement of syringomycin production and *syr* or *syp* gene expression reported previously ([@B10], [@B44], [@B45]) occurs upstream of SalA in the regulatory hierarchy ([Fig. 3](#fig3){ref-type="fig"}) based on the similar impact of the *in planta* conditions on *salA* and *syrF* ([Table 2](#tab2){ref-type="table"}), with SyrF functioning as a SalA-activated transcriptional regulator of syringomycin synthesis ([@B12]) ([Table 2](#tab2){ref-type="table"}).

GacS is known to regulate extracellular protease production in strain B728a ([@B46]), and here we demonstrated that two proteases, LasB and AprA, out of 18 were regulated by GacS ([Table 2](#tab2){ref-type="table"}). The *lasB* gene encodes elastase, which is a major secreted protease in *P. aeruginosa* and has a broad substrate specificity; the target substrates of LasB during *P. syringae* growth *in planta* are not clear. In contrast, the *aprA* gene encodes a secreted alkaline protease in *P. aeruginosa* that degrades monomers of flagellin and thus can minimize activation of flagellin monomer-induced defenses, including stomatal closure in plants ([@B47]). GacS and SalA also activated the other genes in the *apr* gene cluster, including the AprA secretion system encoded by *aprFED* (Psyr_3159 to Psyr_3161) and a periplasmic inhibitor of AprA activity encoded by *aprI* (Psyr_3162), which may protect intracellular flagellin monomers for flagellar assembly ([@B47]). The effects of the loss of *gacS* and *salA* on these protease genes were similar *in vitro* and *in planta* and thus were part of a plant signal-independent subset of the GacS/SalA regulon ([Fig. 3](#fig3){ref-type="fig"}), as shown for other genes using microarray analysis of SalA-targeted genes ([@B10]).

GacS regulation of swarming but not swimming motility in strain B728a ([@B6]) suggested GacS-mediated regulation of surfactant production, as observed in other pseudomonads ([@B48], [@B49]). Our data showed that genes for both of the surfactants synthesized by *P. syringae*, 3-(3-hydroxyalkanoyloxy) alkanoic acid (HAA) and syringafactin ([@B50]), were expressed *in planta* ([@B2]) and were positively regulated by GacS and SalA *in planta* ([Table 2](#tab2){ref-type="table"}). Whereas an HAA biosynthetic gene, *rhlA*, was also regulated by GacS/SalA in culture, the syringafactin genes *syfAB* were not, consistent with a requirement for surface signals for *syfA* expression ([@B51]). GacS and SalA were not involved in regulating flagellar synthesis and motility genes directly but were involved in inducing a large number of chemosensing and chemotaxis genes. This category was among the functional categories identified in which the representation of differentially expressed genes was greater than their representation among all of the B728a genes (see [Table S3](#tabS3){ref-type="supplementary-material"} in the supplemental material).

GacS regulated the 3-oxo-C~6~-HSL synthase gene *ahlI* and did so in all of the conditions tested ([Table 2](#tab2){ref-type="table"}; see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material), as expected ([@B7], [@B26]). In contrast to previous findings ([@B7]), however, this regulation was mediated through SalA based on the decreased *ahlI* transcript levels in the Δ*salA* mutant ([Table 2](#tab2){ref-type="table"}). GacS also regulated biosynthetic genes for alginate production, as expected ([@B8]), and also for the two EPSs Psl and levan ([Table 2](#tab2){ref-type="table"} and [Table S2](#tabS2){ref-type="supplementary-material"}). GacS and SalA contributed only modestly to the activation of the alginate genes *in planta*, but with the exception of the iron-limited conditions, contributed greatly to their regulation *in vitro*. The lack of regulation in the iron-limited conditions is consistent with a requirement for high iron availability for GacS activation of some genes, as shown for the *P. syringae* pv. *tabaci* virulence genes ([@B52]). The Psl genes generally were not induced *in planta* compared to in culture ([@B2]), but their steady-state expression in the epiphytic and apoplastic sites as well as in the *in vitro* conditions depended on the presence of SalA as well as GacS, as shown previously ([@B13]). Last, GacS and SalA regulated the expression of one of two levansucrases in strain B728a, *lsc1* ([Table 2](#tab2){ref-type="table"}), with SalA, in particular, at least partially responsible for the previously recognized apoplast specificity of *lsc1* induction *in planta* ([Table 2](#tab2){ref-type="table"}) ([@B2]).

Consistent with GacS/GacA as a master regulator of secondary metabolism genes in pseudomonads ([@B53]), GacS regulated genes for the biosynthesis of syringomycin, syringopeptin, syringafactin, HAA, syringolin A, which is a peptide derived from a mixed nonribosomal peptide synthase (NRPS) and polyketide synthase, and two additional operons encoding NRPSs. Most of these required a plant-associated signal for maximal activation by GacS and showed higher activation in the apoplast than in epiphytic sites ([Table 2](#tab2){ref-type="table"} and [Fig. 3](#fig3){ref-type="fig"}; see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). Expression of the NRPS operon Psyr_5009 to -5012, which includes genes originally misidentified as mangotoxin synthase genes ([@B54]), depended on GacS and SalA for expression under all of the conditions tested, including *in planta* ([Table 2](#tab2){ref-type="table"} and [Table S2](#tabS2){ref-type="supplementary-material"}). In contrast, the NRPS operon Psyr_4312 to -4317 depended on GacS and SalA for expression primarily *in planta* ([Table 2](#tab2){ref-type="table"}), thus indicating an additional secondary metabolite in the GacS regulon that may be relevant to B728a*-*host interactions.

Among individual genes, we found evidence that GacS and SalA activated genes for the sigma factor RpoS, the fatty acid degradation protein FadD ([Table 2](#tab2){ref-type="table"}), as was observed in *P. syringae* DC3000 ([@B9]), and one of five *P. syringae* B728a cold shock proteins, CspD, as was found in *P. protegens* Pf-5 ([@B43]). Another functional category with a high number of genes that are positively regulated by GacS or SalA under multiple environmental conditions is the category of hypothetical proteins (see [Table S3](#tabS3){ref-type="supplementary-material"} in the supplemental material). Of the 1,216 hypothetical proteins, GacS positively regulated \~30% in at least one environmental condition and 12% in two or more conditions.

The GacS-SalA pathway reciprocally regulates genes for the type III and type VI secretion systems. {#h1.5}
--------------------------------------------------------------------------------------------------

GacS and SalA negatively regulated *hrpL*, genes for components of the type III secretion pilus, and several type III secreted effector proteins in *P. syringae* B728a during its association with bean leaves ([Tables 2](#tab2){ref-type="table"} and [](#tab3){ref-type="table"}3). This contrasts sharply with the known role of GacA and SalA as positive regulators of *hrpL* and HrpL*-*regulated genes in *P. syringae* pv. tomato DC3000 ([@B9]) and *P. syringae* pv. syringae B301D ([@B11]) and with the reduced pathogenicity and hypersensitive reaction (HR) induction of a DC3000 *gacA* mutant ([@B9]). Our findings are consistent with the reduced HR induction of several *P. syringae* strains, but not B728a, upon overexpression of the GacS/GacA-mediated translational regulator RsmA ([@B55]). They are also consistent with the finding that *gacS* and *gacA* mutants of strain B728a are not altered in HR induction ([@B3], [@B9]). The T3SS genes in strain B728a were expressed at only low levels *in planta* in these experiments, leading us to speculate that these genes were induced only transiently or in only a subset of the cells ([@B2], [@B56]). A plausible model is that the GacS/SalA pathway in strain B728a is involved in minimizing the expression of the T3SS genes in the absence of key plant signals and that these key plant signals are spatially or temporally heterogeneous in the phyllosphere. The involvement of GacS and SalA in positive regulation of phytotoxins but negative regulation of the T3SS illustrates the complexity of factors regulating virulence traits on leaves.

GacS and SalA positively regulated the genes encoding the T6SS in strain B728a. Positive regulation by GacS was shown previously for two T6SS-associated genes, *icmF* and *hcp* ([@B13]). Positive regulation by GacS and SalA was shown here for almost all of the T6SS-associated genes and under most conditions (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). GacS/SalA activation was particularly large for genes in the *tagR1-tagS1-tagT1-ppkA* transmembrane signaling operon ([@B57]) and for most T6SS genes in cells exposed to oxidative stress ([Table 2](#tab2){ref-type="table"} and [Table S2](#tabS2){ref-type="supplementary-material"}). This enhanced activation by oxidative stress supports the reported regulatory coupling between the oxidative stress response and cellular proteins critical to T6SS function in *P. aeruginosa* ([@B58]). *P. aeruginosa* also shows reciprocal regulation of the T3SS and T6SS by GacS/GacA ([@B59]). The finding that the GacS/SalA pathway induced the T6SS genes irrespective of a plant signal is consistent with the mounting evidence that the primary role of the T6SS in bacteria, including *P. syringae*, is to kill other microbes, regardless of their interactions with plants ([@B60], [@B61]).

SalA employs distinct strategies to regulate the synthesis of two siderophores. {#h1.6}
-------------------------------------------------------------------------------

Strain B728a produces the siderophores pyoverdine and achromobactin. Pyoverdine is common to all fluorescent pseudomonads, whereas achromobactin is restricted primarily to *P. syringae* and other phytopathogens. As expected, the biosynthetic genes for these siderophores were induced in strain B728a by iron starvation ([@B2]). The transcriptome data indicate that GacS and SalA regulate the genes encoding these siderophores differently, with SalA having a particularly dominant role ([Fig. 3 and 4A](#fig3 fig4){ref-type="fig"}). The dramatic reduction of pyoverdine synthesis genes in iron-limited Δ*salA* cells suggests that SalA functions as a major activator of pyoverdine synthesis in response to iron limitation. In contrast, the increase in the expression of achromobactin synthesis and transport genes in the Δ*salA* mutant in iron-replete conditions suggests that SalA functions to repress achromobactin genes when iron is available. The effect of SalA on these genes was much greater than that of GacS, suggesting the responsiveness of SalA to iron may be, at least in part, independent of GacS ([Fig. 4A](#fig4){ref-type="fig"}).

![(A to C) SalA dominated the regulation of genes involved in siderophore biosynthesis (A) and iron-sulfur homeostasis (B), whereas GacS independently regulated genes involved in an oxidative stress response (C). The heat maps display the fold change in gene expression in the *gacS* and *salA* deletion mutants relative to gene expression in strain B728a. All genes that were altered \>10-fold are shown with the same intensity as those altered 10-fold. Numbers to the left are the Psyr locus number, and treatments are shown on the top, with abbreviations as defined in the legend to [Fig. 1](#fig1){ref-type="fig"}. σ^ECF^, extracytoplasmic function sigma factor.](mbo0041419620004){#fig4}

The *gacS* and *salA* mutations generally did not result in altered expression of the siderophore biosynthetic genes *in planta*. This is consistent with a lack of evidence for iron limitation by most B728a cells *in planta*, as determined using pyoverdine gene-based biosensors ([@B62]). This finding suggests not only the absence of GacS- or SalA-mediated pyoverdine induction but also suggests that SalA is not a major contributor to the suppression of the achromobactin genes *in planta*. The finding that the achromobactin genes were induced up to 5-fold in B728a cells in epiphytic and apoplastic sites relative to the levels of expression in the basal medium, whereas the pyoverdine genes were not ([@B2]) supports the possibility that the leaf habitat has a moderate level of iron. That is, the iron levels were too high to allow SalA-mediated activation of pyoverdine but too low to promote full SalA-mediated repression of the achromobactin genes, thus suggesting that the low-affinity siderophore achromobactin is the primary siderophore produced *in planta*.

SalA and GacS independently regulate processes involved in iron-sulfur chemistry and oxidative stress tolerance, respectively. {#h1.7}
------------------------------------------------------------------------------------------------------------------------------

About half of the 61 genes identified as sulfur metabolism and transport genes were increased in expression in the Δ*salA* mutant under iron- and N-limited conditions ([Fig. 4B](#fig4){ref-type="fig"}). These genes included many involved in the transport and metabolism of sulfate and sulfonate. A major use for sulfur in cells is as a component of iron-sulfur proteins. The dramatic suppression by SalA in the iron-limited conditions of 22 genes involved in sulfur, sulfonate, and methionine transport (an average of 14-fold for the transporter genes shown in [Fig. 4B](#fig4){ref-type="fig"}), combined with the central role of SalA in balancing the expression of the pyoverdine and achromobactin biosynthetic genes in response to iron, supports a role for SalA as a central regulator that coordinates the stoichiometric uptake of iron and sulfur compounds for iron-sulfur cluster synthesis in strain B728a. The transcriptome of a *P. protegens gacA* mutant identified regulation of iron homeostasis as one of the dominant roles of GacA ([@B43]), although it also showed GacA-mediated positive regulation of sulfate and sulfonate transporters compared to SalA-mediated negative regulation in strain B728a. The B728a strain has 19 TonB-dependent receptors ([@B63]), at least 9 of which may be involved in iron uptake based on their induction in our iron-limited medium, and six TonB-ExbB-ExbD uptake systems, only one of which was induced in our iron-limited medium ([@B2]). SalA, but not GacS, strongly repressed one of the TonB-dependent receptors, Psyr_4826, and one of the six operons encoding a TonB uptake system, Psyr_2287 to −2289, under iron-limited conditions ([Fig. 4B](#fig4){ref-type="fig"}).

A global transcriptome analysis of a *P. protegens gacA* mutant discovered that GacA negatively regulated 18 of 20 ECF-σ factors and positively regulated genes involved in oxidative stress tolerance ([@B43]). In strain B728a, GacS negatively regulated four of its 10 ECF-σ factors, and this regulation was specific to cells exposed to oxidative stress ([Fig. 4C](#fig4){ref-type="fig"}). The ECF-σ factors that showed increased transcripts in the ∆*gacS* mutant function in iron homeostasis; these factors included two FecI-type regulators, Ecf5 (Psyr_1040) and Ecf6 (Psyr_4731) ([@B16]), the pyoverdine regulator PvdS (Psyr_1943), and the achromobactin regulator AcsS (Psyr_2580). Furthermore, 8 of 17 antioxidant enzymes in strain B728a exhibited increased transcript levels in the ∆*gacS* mutant and did so only in cells exposed to oxidative stress ([Fig. 4C](#fig4){ref-type="fig"}); GacS did not mediate full suppression of these genes, however, as transcripts for five of these antioxidant enzymes were increased in B728a cells exposed to oxidative stress ([@B2]). GacS also mediated the suppression of an operon for a polyamine transporter (Psyr_4613 to −4615), an iron permease (Psyr_3367), and an ortholog of PhuR (Psyr_1105), which contributes to the uptake of heme. None of these GacS-regulated genes, except for a peroxidase, was influenced by the loss of *salA*, indicating that they were part of a SalA-independent branch of the GacS regulon ([Fig. 3](#fig3){ref-type="fig"}). Altogether, these results support a model in which GacS helps reduce iron uptake in the face of oxidative stress, probably to minimize stress resulting from the iron-mediated generation of reactive oxygen species via the Fenton reaction. This reduced iron uptake would result from reductions in iron and heme uptake systems, reduced sigma factor-mediated activation of siderophore synthesis, and potential restrictions to siderophore synthesis due to reduced polyamine uptake, as polyamines can function as the substrates in NRPS-independent siderophore synthesis pathways ([@B64]). Achromobactin synthesis is NRPS independent and conceivably could be influenced by polyamines via the 2,4-diaminobutyrate precursor pool ([@B65]). Overall, our results with GacS and SalA demonstrate that that their roles in the regulatory hierarchy and the responses that they activate strongly depend on environmental signals, as illustrated by the differential effects of plant-associated signals, iron availability, and oxidative stress on the GacS and SalA regulons.

RetS negatively regulates a subset of the GacS regulon, including biosynthetic genes for phytotoxins and other secondary metabolites. {#h1.8}
-------------------------------------------------------------------------------------------------------------------------------------

RetS is a hybrid sensor kinase that was discovered in *P. aeruginosa* and was shown to act inversely to GacS ([@B66]). In particular, RetS interacts directly with GacS, forming an inactive RetS-GacS heterodimer and thus blocking the formation of a GacS homodimer that is required for GacA phosphorylation ([@B67]). In this manner, RetS blocks GacS-mediated gene activation. Here, loss of RetS was associated with increased transcripts in at least one condition for 41 of the 43 genes in the RetS regulon ([Table 1](#tab1){ref-type="table"}), illustrating that RetS functions primarily as a negative regulator but influences a relatively small set of genes. Although half of the RetS regulon was comprised of genes encoding hypothetical proteins, the other half was comprised of the subset of the GacS/SalA regulon that showed enhanced transcript levels in the presence of plant signals ([Fig. 3](#fig3){ref-type="fig"}). This subset included the biosynthetic genes for syringomycin, syringopeptin, syringafactin, syringolin A, and the secondary metabolite encoded by Psyr_4312 to −4317, and the *fadD* operon ([Fig. 3](#fig3){ref-type="fig"}). As would be predicted for a regulator that blocks GacS-mediated activation, these genes exhibited reciprocal regulation by RetS and GacS ([Fig. 5A](#fig5){ref-type="fig"}), as was shown with a few target genes in strain B728a ([@B13]). Interestingly, plant-associated signals not only enhanced GacS and SalA activation of these genes but also suppressed the RetS regulation ([Fig. 5B and C](#fig5){ref-type="fig"}).

![(A to C) RetS repression of selected genes in the basal medium (A) was reciprocal to GacS and SalA activation of these genes in epiphytic sites (B) and apoplastic sites (C). The transcript levels in the ∆*retS*, ∆*gacS*, and ∆*salA* mutants relative to those in the wild-type strain B728a are shown. The dashed line indicates a value of 1 for reference.](mbo0041419620005){#fig5}

The genes for the type VI secretion system and alginate production were not differentially expressed in the Δ*retS* mutant, although they were regulated by RetS in strain B728a in a previous study that used complex media for assessing gene expression ([@B13]). The absence of evidence for RetS regulation of T6SS or alginate genes in our *in vitro* conditions may be due to a requirement for additional factors for RetS repression, although we did not find evidence for such factors *in planta*. RetS is widely recognized as having a critical role in *P. aeruginosa* pathology by helping to mediate a switch between acute and chronic infections. In contrast, our results indicate that RetS does not have a significant regulatory role in *P. syringae* during its growth on or in bean plants, at least under the conditions tested. The sensitivity of RetS regulation to environmental context, however, suggests that RetS may have a role in *P. syringae* ecology under environmental conditions that have not yet been examined.

RpoS regulates genes for chemosensing and chemotaxis and Psl polysaccharide synthesis but few genes involved in stress tolerance. {#h1.9}
---------------------------------------------------------------------------------------------------------------------------------

RpoS regulation was detected primarily in cells limited for N or recovered from leaves ([Table 1](#tab1){ref-type="table"}). We found no evidence for RpoS regulation of genes involved in environmental stress tolerance in *P. syringae* based on the near-absence of RpoS-regulated genes when osmotic or oxidative stress was imposed *in vitro*. RpoS contributes to the tolerance of a *P*. *protegens* strain to stresses, including osmotic and oxidative stresses, desiccation, UV irradiation, freezing, and starvation ([@B21]), but it has a much smaller influence ([@B68]) or no influence ([@B69]) on the stress tolerance of two *P. fluorescens* strains. This illustrates the potential for differences among pseudomonad strains in the role of RpoS and precedence for little to no role for RpoS in stress tolerance in pseudomonads.

The *rpoS* gene was subject to strong positive activation by GacS and SalA under all of the conditions examined ([Table 2](#tab2){ref-type="table"}; see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material), indicating that RpoS is in the GacS/SalA regulatory hierarchy, as in *P. syringae* DC3000 ([@B9]). Approximately 75% of the RpoS-regulated genes were also regulated by GacS, similar to in *P. protegens* ([@B70]). The GacS/SalA/RpoS regulatory pathway positively regulated 25% of the genes involved in chemosensing and chemotaxis in epiphytic sites or when N was limited, as supported by a test for the functional categories with overrepresentation of differentially expressed genes in the ∆*rpoS*, ∆*gacS*, and ∆*salA* mutants ([Table S3](#tabS3){ref-type="supplementary-material"}). Moreover, the GacS/SalA/RpoS pathway appeared to be a major pathway for the positive regulation of the Psl polysaccharide biosynthetic genes under N-limited conditions as well as *in planta*, although this regulatory pathway did not result in elevated *psl* gene transcripts *in planta* ([@B2]).

The HrpL regulon may be subject to repression by a negative regulatory element. {#h1.10}
-------------------------------------------------------------------------------

The HrpL regulon in *P. syringae* strains contains T3SS genes ([@B14]), which in strain B728a includes approximately 50 genes for the structural components of the T3SS and 22 confirmed effectors ([@B71]). We selected the basal medium HMM (see Materials and Methods) for this study based, in part, on its potential to enable expression of T3SS genes, as first demonstrated in *P. syringae* pv. glycinea ([@B72]). However, the T3SS genes in strain B728a generally exhibited low expression in this medium ([Table 3](#tab3){ref-type="table"}), with almost 40% of the T3SS genes falling in the bottom 15% of the genes when ranked by their expression levels in the basal medium. A majority of these genes was induced in the wild type under N starvation ([@B2]), but even under these inducing conditions, HrpL activation of many genes was too low in the wild type to detect a significant decrease in expression upon deletion of *hrpL*. Interestingly, the genes with the lowest level of expression and lowest HrpL activation *in vitro* were those that encoded the proteins for the cytoplasmic and inner membrane components of the type III secretion pilus ([Table 3](#tab3){ref-type="table"}). In contrast, the genes that encoded periplasmic, outer membrane, and extracellular components were expressed at higher levels in the wild type and were activated by HrpL up to 12-fold, on average, under N starvation ([Table 3](#tab3){ref-type="table"}). These genes exhibited parallel positive regulation by RpoN in the N-limited conditions, as expected, since the expression of T3SS-related genes requires RpoN ([@B73]).

###### 

Fold changes in the transcript abundance of selected type III secretion system-related genes due to the deletion of *hrpL*, *rpoN*, or *gacS*

  Locus       Gene         CL^[*a*](#ngtab3.1)^   RE^[*b*](#ngtab3.2)^   Fold change in transcript abundance^[*c*](#ngtab3.3)^                                                                         
  ----------- ------------ ---------------------- ---------------------- ------------------------------------------------------- ----------- ---------- ---------- ---------- ---------- ------ ------ ------
  Psyr_1197   *hrpE*       C                      48                     −1.6                                                    −1.4        1.1        −1.1       1.2        1.4        −1.2   1.1    1.3
  Psyr_1210   *hrcQa*      C                      54                     −1.6                                                    −1.6        1.4        1.1        1.6        1.4        −1.2   1.1    1.1
  Psyr_1206   ***hrcT***   I                      60                     1.0                                                     −1.2        −1.3       1.0        1.3        1.1        −2.6   −2.9   1.3
  Psyr_1215   *hrcV*       I                      60                     −1.3                                                    −1.5        1.2        1.1        1.5        1.3        −2.0   −1.3   1.8
  Psyr_1205   *hrcU*       I                      65                     −1.0                                                    −1.2        −1.5       1.1        1.7        1.2        −2.9   −3.0   1.3
  Psyr_1213   *hrcN*       C                      82                     −1.8                                                    −1.3        1.4        1.1        **1.8**    1.5        −1.2   −1.1   1.1
  Psyr_1208   *hrcR*       I                      84                     −1.3                                                    −1.5        −1.1       −1.3       1.1        1.7        −2.2   −2.0   1.4
  Psyr_1209   *hrcQb*      C                      85                     −2.3                                                    −2.0        1.4        −1.1       1.3        1.7        −1.7   −1.4   1.8
  Psyr_1207   *hrcS*       I                      114                    −1.4                                                    −1.6        −1.7       −1.2       1.0        1.6        −5.1   −6.5   3.2
  Psyr_1199   *hrpG*       C                      135                    **−7.8**                                                **−8.9**    1.4        −1.5       1.1        **2.6**    −1.3   1.0    3.3
  Psyr_1195   *hrcJ*       P                      178                    **−5.6**                                                **−3.9**    1.2        −1.6       −1.3       **3.3**    −1.8   −1.5   4.7
  Psyr_1200   *hrcC*       O                      237                    **−3.9**                                                **−4.8**    −1.1       −1.7       −1.1       **2.4**    −2.1   −2.2   3.2
  Psyr_1183   *hopAA1*     E                      312                    **−9.7**                                                **−10.8**   −1.1       −2.0       −1.4       2.2        −2.8   −2.9   3.2
  Psyr_1184   *hrpW1*      E                      335                    **−14.2**                                               **−14.9**   1.4        −2.1       −2.2       **4.2**    −4.7   −4.6   11.0
  Psyr_1188   *avrE1*      E                      357                    **−9.8**                                                **−10.3**   **−3.9**   −1.1       1.0        1.1        −3.4   −3.8   1.5
  Psyr_4326   *hopI1*      E                      554                    **−5.0**                                                **−3.9**    −1.3       −1.1       1.1        **1.7**    −2.6   −2.5   2.8
  Psyr_1017   *hopJ1*      E                      826                    −1.3                                                    −1.1        2.7        −1.2       1.3        1.5        2.6    2.8    1.2
  Psyr_1192   *hrpA2*      E                      1719                   **−27.0**                                               **−19.8**   1.3        **−4.5**   **−2.5**   **4.2**    −3.6   −2.0   12.7
  Psyr_4919   *avrPto1*    E                      1728                   **−17.7**                                               **−21.4**   1.1        **−6.2**   **−8.7**   **10.4**   −3.4   −9.6   28.1
  Psyr_1193   *hrpZ1*      E                      2791                   **−24.7**                                               **−14.3**   −1.1       **−7.8**   **−6.6**   **4.2**    −3.7   −3.8   10.2

The cellular location (CL) indicated as follows: C, cytoplasmic; I, inner membrane; P, periplasmic; O, outer membrane; and E, extracellular.

RE, relative expression. The average expression based on fluorescence intensity of each gene in strain B728a in the basal medium in the data sets from the three laboratories, where the minimum and maximum levels were 42 and 55,935, respectively, across all of the genes examined.

Values shown are the fold change in transcript abundance of the mutants lacking *hrpL*, *rpoN*, or *gacS* relative to transcript abundance in strain B728a, as described in [Table 2](#tab2){ref-type="table"}, footnote *a*.

Although many T3SS genes exhibited reduced transcript levels in the *hrpL* mutant under the inducing conditions *in vitro*, consistent with positive HrpL regulation, the three effector genes downstream of *hrpL*, Psyr_1218 to −1220, exhibited dramatic increases in their transcript levels upon deletion of *hrpL* ([Fig. 6](#fig6){ref-type="fig"}). Although HrpL could function as a negative autoregulator, this seems unlikely given the specificity of the change to these three genes. Alternatively, a negative regulatory element may be located within the deleted region of the *hrpL* coding sequence. Such a negative regulatory element could silence *hrpL* under noninducing conditions, as supported by the noticeably large impact of the *hrpL* deletion under the *in vitro* conditions other than N starvation ([Fig. 6](#fig6){ref-type="fig"}). To the best of our knowledge, this is the first report of a possible negative regulatory element in *hrpL*.

![The effect of deleting *hrpL* on the expression of its downstream genes suggested the presence of a negative regulatory element (NRE) in *hrpL*. The Psyr locus numbers and gene names are shown above and below the arrows, respectively. The fold change values in transcript abundance for the *∆hrpL* mutant relative to the wild-type strain B728a (WT) are shown for cells from each environmental condition.](mbo0041419620006){#fig6}

The data in [Table 3](#tab3){ref-type="table"} illustrate active HrpL regulation *in planta*, with HrpL activation generally greater in the apoplast than on the leaf surface, although we observed yet further activation by N starvation. Our ability to identify significant differences between the *hrpL* mutant and the wild type in the apoplast was limited by the high variability among samples (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material); however, 55% of the T3SS genes showed at least a 2-fold reduction in transcript levels in the *hrpL* mutant for cells from the apoplast compared to 14% for cells from the leaf surface. The changes in the T3SS transcripts in the *hrpL* mutant *in planta* were generally reciprocal to the changes in the *gacS* and *salA* mutants, indicating GacS/SalA-mediated suppression of the T3SS genes *in planta*, but GacS/SalA regulation of these genes was not observed in the only *in vitro* conditions to induce *hrpL*, namely, the N-limited conditions ([Table 3](#tab3){ref-type="table"}), demonstrating that this suppression requires a plant signal ([Fig. 3](#fig3){ref-type="fig"}). Interestingly, the gene for the HopJ1 effector was uniquely subject to negative regulation by HrpL in the apoplast ([Table 3](#tab3){ref-type="table"}). In support of our evidence for HrpL activation of at least some T3SS genes in epiphytic sites, Lee et al. ([@B15]) showed that strain B728a expressed a heterologous effector gene, *avrPto*, on leaf surfaces. Collectively, our results support the possibility of a negative regulatory element involved in T3SS regulation, and for HrpL activation of some T3SS genes on leaf surfaces, which is a trait that may be unique to B728a and contribute to its uniquely robust epiphytic fitness ([@B15]).

RpoN and AlgU are major regulators *in planta*, with RpoN influencing the majority of genes that are regulated by AlgU, GacS, and SalA *in planta*. {#h1.11}
---------------------------------------------------------------------------------------------------------------------------------------------------

Among the conditions tested, AlgU affected the greatest number of genes under the osmotic stress conditions, consistent with its role in responding to envelope stress ([@B20]). RpoN, known for its role in N metabolism, affected more than twice as many genes under osmotic stress as under N starvation ([Table 1](#tab1){ref-type="table"}), as well as activated *algU* (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). RpoN coregulated 71% of the 810 AlgU-regulated genes under osmotic stress and contributed to the activation of 88% of the AlgU-activated genes under osmotic stress, but it had an even broader impact than AlgU under osmotic stress based on its contribution to the activation of an additional 623 AlgU-independent genes.

Both AlgU and RpoN impacted a large number of genes *in planta* ([Table 1](#tab1){ref-type="table"}; see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material). The importance of these regulators to bacterial growth *in planta* was illustrated by the dramatically reduced growth of epiphytic and apoplastic populations of the *algU* and *rpoN* mutants relative to the wild type ([Fig. S3](#figS3){ref-type="supplementary-material"}). AlgU induced genes *in planta* that also responded to osmotic stress, including genes for compatible solute synthesis, osmoprotectant transporters, the known osmoresponsive protein OsmC, the LasB protease, and an sRNA, sRNA_42 ([Table S2](#tabS2){ref-type="supplementary-material"}). AlgU also induced genes that responded to oxidative stress, including genes for the antioxidant enzymes KatE, SodC, and CpoF. AlgU activates genes in response to conditions that induce misfolded proteins in the periplasm; therefore, the finding that only a third of the genes that were differentially expressed in epiphytic sites were differentially expressed in cells exposed to 0.2 M NaCl suggests that cells were exposed to less envelope stress on leaves than at this osmolarity in culture. The percentage of genes regulated in epiphytic sites that were also regulated in osmotic-stressed cells was 90 for AlgU but only 56 for RpoN, suggesting that the leaf surface-responsive AlgU-regulated genes responded to envelope stress *in planta*, whereas the RpoN-regulated genes responded to a broader array of plant signals.

RpoN strongly activated genes involved in N metabolism, as expected, including genes for the nitrogen regulator NtrBC, nitrate reductase, an ammonium transporter, glutamine synthetases, and enzymes for urea utilization (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). The specificity of this regulation to ∆*rpoN* cells subjected to N starvation but not to the *in planta* habitats confirms our previous conclusion that cells in the apoplast or epiphytic sites were not strongly starved for N *in planta* ([@B2]). RpoN also strongly activated the vast majority of genes involved in flagellar synthesis and motility, as expected based on the critical role of RpoN to most flagellar synthesis genes in *P. aeruginosa* ([@B74]). The greater impact of the *rpoN* deletion on the transcript levels of these genes in cells in epiphytic sites than in the apoplast also confirms our previous conclusion that, under moist conditions favorable to motility, motility is more strongly favored by B728a cells on leaf surfaces than by cells in the apoplast ([Table S2](#tabS2){ref-type="supplementary-material"}) ([@B2]).

Regulation of alginate biosynthesis is complex, but although it was subject to regulation by AlgU, RpoN, GacS, and SalA under osmotic stress conditions in culture, AlgU was the primary activator among these regulators *in planta* (see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). This was also true for a large number of the core T6SS genes. In contrast to many osmotically regulated genes that were coactivated by RpoN and AlgU, genes for alginate biosynthesis and the T6SS were subject to negative regulation by RpoN in the apoplast based on their increased transcript levels in ∆*rpoN* cells from the apoplast but not from epiphytic sites ([Fig. 7A](#fig7){ref-type="fig"} and [Fig. S4](#figS4){ref-type="supplementary-material"}). In *P. aeruginosa*, RpoN-mediated negative regulation of *algD*, the first gene in the alginate biosynthetic operon, was previously found to result from RpoN interference with AlgU binding, which prevented the formation of an open complex for transcription ([@B75]); this negative regulation occurred when RpoN bound in the absence of an activator protein. Thus, the apoplast specificity of the AlgU activation and RpoN repression of the alginate and T6SS genes ([Fig. 7A](#fig7){ref-type="fig"}) is consistent with competitive inhibition from RpoN for promoter binding and a lack of relevant activator proteins in the apoplast.

![(A and B) RpoN differentially impacted AlgU-activated genes (A) and GacS- and SalA-regulated genes (B) in cells from epiphytic sites versus apoplastic sites. The heat maps display the fold change in gene expression in the indicated mutants relative to gene expression in strain B728a. All genes that showed a \>10-fold decrease or \>5-fold increase in transcript abundance are shown with the same intensity as those decreased 10- and increased 5-fold, respectively. The numbers to the left are the Psyr locus number, and treatments are shown on the top. Genes that are involved in the synthesis of alginate (Alg), the type VI secretion system (T6SS), syringomycin (Syr), syringopeptin (Syp), syringafactin (Syf), the surfactant HAA, syringolin (Syl), and a secondary metabolite (2° met) are shown. Osm, osmotic stress; Epi, epiphytic sites; Apo, apoplastic sites.](mbo0041419620007){#fig7}

RpoN contributed to the regulation of most of the genes activated by GacS and SalA *in planta*. Transcript levels of these genes were greatly increased in the *rpoN* mutant in the basal medium and other *in vitro* treatments ([Table 2](#tab2){ref-type="table"}; see [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material), indicating negative regulation; this is likely due to RpoN binding in the absence of transcriptional regulators that are activated by the GacS/SalA pathway *in planta*. The *gacS* gene itself was subject to slight negative regulation by RpoN under most of the *in vitro* and *in planta* conditions ([Table S2](#tabS2){ref-type="supplementary-material"}), as reported in *P. aeruginosa* ([@B76]). Similar to the alginate and T6SS genes, many of the GacS/SalA-activated genes were subject to apoplast-specific, RpoN-mediated repression ([Fig. 7B](#fig7){ref-type="fig"}); moreover, GacS/SalA activation of these genes was greater in the apoplast. A plausible model for this association between high-level GacS/SalA activation and increased transcript abundance upon deletion of *rpoN* is interference between RpoN and the GacS/SalA-regulated sigma factor RpoS. Such RpoS-RpoN antagonism was observed in *Escherichia coli* ([@B77]). We predict that the interference by RpoS in RpoN activation is relatively small based on the absence of significant changes in transcript levels of GacS-regulated genes in the ∆*rpoS* mutant but that the impact on RpoN activation was large enough in the apoplast to detect. Collectively, these results demonstrate major roles for RpoN and AlgU in cells associated with leaves and suggest a greater impact of RpoN interference in AlgU- and GacS/SalA-mediated gene activation in the apoplast than in epiphytic sites.

Conclusions. {#h1.12}
------------

This is the first global transcriptome study investigating the complex regulatory network of putative quorum-sensing regulators (AhlR and AefR), global regulators (GacS, SalA, and RetS), and sigma factors (RpoS, HrpL, AlgU, and RpoN) in *P. syringae*, and particularly in the context of stressful environmental and *in planta* conditions. One of our first surprises was that the loss of the only known quorum regulator in *P. syringae* B728a, AhlR, and an associated regulator, AefR, influenced the expression of only a small number of genes. Although quorum-sensing regulation in most pathogens, including *P. aeruginosa*, generally impacts large gene sets, our evidence suggests that for strain B728a, AHL-based quorum-sensing regulation plays a relatively minor role in gene regulation on leaves.

The GacS/SalA regulatory network includes distinct branches that are separable based on their dependence on coactivation by plant signals ([Fig. 3](#fig3){ref-type="fig"}). We expanded the inventory of plant signal-dependent traits from primarily phytotoxins to other secondary metabolites, including surfactants, syringolin A, and an as-yet uncharacterized secondary metabolite. We also discovered unexpected negative regulation of the T3SS by GacS, which in the context of previous studies indicates that *P. syringae* pathovars differ in how they regulate this dominant virulence trait. Our results support the emerging model in *P. aeruginosa* and *P. syringae* that RetS regulation is reciprocal to that of GacS, but only for a small number of genes, and that the primary function of RetS in strain B728a is to prevent the expression of genes for secondary metabolite synthesis in the absence of the plant ([Fig. 5](#fig5){ref-type="fig"}). The need for such tight regulation may reflect a benefit of these metabolites primarily in plants, as well as a centrality of these secondary metabolites to B728a-plant interactions, as evidenced in the proposal that production of syringomycin and syringopeptin may decrease the dependence of this pathovar of *P. syringae* on its effector genes for virulence ([@B78]). Collectively, our data confirm a role for GacS in oxidative stress tolerance, as suggested in *P. protegens*, and also highlight a role for SalA as a major regulator of both iron homeostasis and sulfur transport, presumably to ensure an iron-sulfur balance for iron-sulfur cluster synthesis.

With the exception of HrpL, the size of the gene sets altered by the loss of the sigma factor genes was paralleled by the change in population sizes during leaf colonization (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material). In particular, RpoS influenced only a small number of genes, and the growth of the ∆*rpoS* mutant was similar to the growth of the wild type. As observed with *Pseudomonas fluorescens* A506 ([@B69]), RpoS was not a major regulator of environmental stress tolerance in strain B728a. In contrast, AlgU regulated a large number of genes involved in mediating tolerance to water limitation and oxidative stress, and the ∆*algU* mutant established populations that were approximately 10-fold lower than those of the wild type on and in leaves ([Fig. S3](#figS3){ref-type="supplementary-material"}). Moreover, RpoN coregulated much of the AlgU regulon and a wide inventory of additional genes ([Fig. S4](#figS4){ref-type="supplementary-material"}), and the ∆*rpoN* mutant was severely impaired in its ability to establish epiphytic or apoplastic populations.

Last, although the number of genes that were differentially expressed in the ∆*hrpL* mutant in these studies was low, HrpL has a large impact on the growth of strain B728a *in planta* (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material), as expected based on its known role in regulating the T3SS. Lee et al. ([@B15]) showed that only a fraction of B728a cells actually express *hrpL-*regulated genes *in planta*. Thus, it is tempting to speculate that the two major regulatory systems in strain B728a, GacS/SalA and RpoN, influence distinct subpopulations of B728a cells by reciprocally influencing their expression of HrpL. We propose that the T3SS is suppressed in many cells due to the GacS response to particular plant signals but that it is activated in a subpopulation of cells due to the RpoN response to particular environmental signals.

Collectively, these data demonstrate the activity of multiple regulatory networks in strain B728a *in planta*. The major impact of physical or chemical signals in the leaf environment on the activity of the GacS/SalA-, AlgU-, and RpoN-driven regulatory networks illustrates the importance of evaluating these networks *in planta*. This multifactorial approach of examining regulatory mutants in several environments, including leaf habitats, provided evidence that at least some of these signals differ at least in intensity in epiphytic versus apoplastic sites, thus allowing *P. syringae* to fine-tune its expression of traits to best exploit each habitat.

MATERIALS AND METHODS {#h2}
=====================

Bacterial strains, mutants, and growth conditions. {#h2.1}
--------------------------------------------------

*P. syringae* pv. syringae strain B728a and its derivatives were grown in King's B  medium containing rifampin (50 µg/ml) or in HMM medium. HMM medium contained [l]{.smallcaps}-glutamine (10 mM), FeCl~3~ (10 µM), and *N*-(β-ketocaproyl)-[l]{.smallcaps}-homoserine lactone (AHL) (10 µM), in addition to nutrients and salts, as previously described ([@B2]), to help maximize phenotypic differences between strain B728a and selected mutants. Mutants were constructed that contained unmarked deletions of the following genes: *ahlR* (Psyr_1622), *aefR* (Psyr_3324), *salA* (Psyr_2601), *algU* (Psyr_3958), *hrpL* (Psyr_1217), *rpoN* (Psyr_4147), and *rpoS* (Psyr_1374), using the primers shown in [Table S4](#tabS4){ref-type="supplementary-material"} in the supplemental material. The *ahlR* and *aefR* mutants were constructed by amplifying the loci and flanking regions using primer set A, cloning the resulting fragment into pENTR/D (Invitrogen Corp.), amplifying the plasmid with primers to omit *ahlR* or *aefR* and introduce a KpnI site using primer set B, marking the deletion site via introduction of a kanamycin (*kan*) cassette surrounded by FLP recombination target (FRT) sites and KpnI sites (generated using primer set C), and incorporating this plasmid construct into the integration vector pTOK2T ([@B79]). The *salA* mutant was constructed as described previously ([@B17]). For the remaining mutants, marked deletions were generated using splicing by overlap extension PCR and a *kan* cassette surrounded by FRT sites and the integration vector pTOK2T, as described previously ([@B79]). After introduction of the pTOK2T constructs to generate marked mutants, the *kan* cassette was excised from each mutant by introducing pFlp2 ([@B80]), which was later cured via two passages on King's B agar without selection for the *ahlR* and *aefR* mutants, or using sucrose (20%) counterselection for the other mutants. The deletions were confirmed by PCR and DNA sequencing. Mutants containing unmarked deletions in *gacS* (Psyr_3698) and *retS* (Psyr_4408) were constructed previously ([@B13]).

Exposure of bacteria to *in vitro* and *in planta* treatments prior to RNA extraction. {#h2.2}
--------------------------------------------------------------------------------------

Strain B728a and the nine mutants were exposed to seven treatments in a multifactorial design that included exposure of each strain to each of the treatments. Three separate laboratories performed the treatments; they were located at the University of California at Berkeley, Texas A&M University, and Iowa State University and were designated laboratories I, II, and III, respectively. Lab I performed treatments on strain B728a and the ∆*ahlR* and ∆*aefR* mutants. Lab II performed treatments on strain B728a and the ∆*gacS*, ∆*retS*, and ∆*salA* mutants. Lab III performed treatments on strain B728a and the ∆*algU*, ∆*hrpL*, ∆*rpoN*, and ∆*rpoS* mutants. The treatments were performed by the method of Yu et al. ([@B2]). Briefly, log-phase cells grown in HMM medium were washed, resuspended in HMM medium lacking the components [l]{.smallcaps}-glutamine, FeCl~3~, AHL, and (NH~4~)~2~SO~4~, designated HMM-FeN medium, then diluted to 2.5 × 10^8^ CFU/ml with either (i) HMM medium, (ii) HMM medium with NaCl to a final concentration of 0.23 M, (iii) HMM medium with H~2~O~2~ to a final concentration of 0.5 mM, (iv) HMM medium lacking FeCl~3~ but with *N*,*N*′-di(2-hydroxybenzyl) ethylenediamine-*N*,*N*′-diacetic acid monohydrochloride hydrate (HBED) (Strem Chemicals Inc., Newburyport, MA) to a final concentration of 100 µM, or (v) HMM medium lacking both [l]{.smallcaps}-glutamine and (NH~4~)~2~SO~4~; these were designated the basal medium, osmotic stress, oxidative stress, iron starvation, and nitrogen starvation treatments, respectively, with the latter four collectively referred to as the *in vitro* treatments. The cells were immediately diluted with an RNA stabilizing agent (RNAprotect bacterial reagent; Qiagen Inc., Valencia, CA) following exposure to the basal medium and *in vitro* treatments. In addition, the bacterial strains were introduced onto the adaxial and abaxial surfaces of leaves of bean plants (*Phaseolus vulgaris* L. cultivar Bush Blue Lake 274) and were recovered from these surfaces via sonication in an acidic phenol RNA-stabilizing solution after 24 h of growth under moist conditions followed by 48 h of growth without supplemental humidification; these cells were designated epiphytic cells. Due to limitations in growth space capacity, all of the epiphytic treatments were performed using the facilities of lab I, with cultures provided from the other laboratories and pelleted epiphytic cells returned to those labs for RNA extraction and analysis. Last, the bacterial strains were introduced by vacuum infiltration into bean leaves and were recovered after 48 h of growth by cutting the leaves during submersion in the RNA stabilizing solution, sonicating, and removing the plant tissues via filtration; these cells were designated apoplastic cells. These treatments were performed exactly by the method of Yu et al. ([@B2]), with the exception that the inoculum densities for recovering epiphytic cells varied by strain, with the densities (CFU/ml) as follows: Δ*rpoN* mutant (10^9^), Δ*hrpL* mutant (10^8^), Δ*algU* mutant (10^7^), Δ*rpoS* mutant (10^7^), and strain B728a and the remaining mutants (10^6^). The inoculum densities for recovering apoplastic cells were the same as for the epiphytic cells, with the exception of the Δ*rpoS* mutant, for which 10^6^ cells/ml were used. The higher inoculum densities were to compensate for the reduced growth of the mutants *in planta* (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material) and to ensure sufficient RNA recovery.

RNA extraction, microarray design, and hybridization. {#h2.3}
-----------------------------------------------------

We used a previously described experimental design ([@B2]) to generate two biological replicates for each treatment, with each replicate for the *in vitro* treatments containing RNA pooled from four independent cultures. RNA was purified using the Qiagen RNeasy minikit, DNA was removed using on-column DNase I digestion and a subsequent DNase I treatment, RNA integrity was assessed using an Agilent 2100 bioanalyzer, and the RNA samples from each laboratory were sent to Roche NimbleGen Inc. (Reykjavík, Iceland) for conversion into cDNA, labeling with U-CYA-3 fluorophore, and hybridization to a *P. syringae* B728a open reading frame (ORF)-based microarray, which was constructed based on RefSeqNC_007005.1 and was described in the National Center for Biotechnology Information's Gene Expression Omnibus (accession no. GSE42544). The 16 putative sRNAs designated PIG (plant-inducible genes) due to their identification in a promoter-trapping assay were found to be encoded, or initiated, within the coding regions of annotated genes and thus were excluded from the analysis.

Microarray data analysis. {#h2.4}
-------------------------

The fluorescence intensity for each probe was measured and subjected to robust multiarray averaging, which included adjustment for the background intensity, log~2~ transformation, quantile normalization, and median polishing ([@B81]). For each feature (ORF or small RNA \[sRNA\]) on the array, a robust estimated mean value was determined, and a linear model analysis of the resulting data was conducted. Each linear model included fixed effects for replications, treatments, strains, and treatment-by-strain interactions, as well as a fixed intercept parameter and one random error effect for each observation. Linear models for microarray data analysis (LIMMA) ([@B82]) were applied to share information across genes when estimating error variances. Application of LIMMA was performed separately for distinct groups of treatments that exhibited similar variability among replicates. Variance estimates obtained from the LIMMA analyses were used to calculate Welch *t* statistics and corresponding *P* values among all pairwise treatment comparisons of interest. For each comparison of interest, *q* values were estimated from the corresponding distribution of *P* values, as described previously ([@B83]). Features exhibiting a *P* value of \<0.05 and a *q* value of \<0.01 (i.e., an estimated false discovery rate of \<1%) were identified as differentially expressed.

Hierarchical clustering. {#h2.5}
------------------------

Hierarchical clustering was performed to evaluate the similarity in global transcript profiles among the samples examined in each lab according to the following protocol. For each of the three labs, a dendrogram was generated using the fluorescent intensities for each of the biological replicates. The data for each gene were subjected to an analysis of variance (ANOVA) across the seven treatments. The observed intensities from the 500 genes that exhibited the lowest *P* values in an *F* test for the combined effect of all treatments from this ANOVA were used to perform hierarchical clustering among all the samples. The observed intensities for each gene were divided by the gene's estimated standard deviation, so that each gene would contribute roughly equally to the distance metric during clustering. The hierarchical clustering was performed by the "hclust" function in R using Manhattan distance in a "bottom-up" approach.

Analysis of gene representation in functional categories. {#h2.6}
---------------------------------------------------------

The *P*. *syringae* B728a genes were assigned to 63 functional categories (as given in Table S2 from reference [@B2]). For each functional category, we formed a 2 × 2 contingency table reporting the number of differentially expressed and non-differentially-expressed genes included in the given category and did the same for the differentially expressed and non-differentially-expressed genes in all of the categories except the given category. We then performed a Fisher's exact test to evaluate overrepresentation of the differentially expressed genes. We performed this analysis separately for the differentially induced genes and the differentially repressed genes. The *q* values were generated from the resulting *P* values, as described above. Heat maps were generated using Matrix2png version 1.2.1 ([@B84]).

Microarray data accession number. {#h2.7}
---------------------------------

The expression data have been deposited in the National Center for Biotechnology Information's Gene Expression Omnibus (GEO) and are accessible in GEO under accession no. GSE59273.

SUPPLEMENTAL MATERIAL {#h4}
=====================

###### 

Relative variation in transcript levels among each of the strain-treatment combinations based on median absolute residuals computed from our linear model analyses. Download

###### 

Figure S1, PDF file, 0.1 MB

###### 

Loss of *algU* and *rpoN* was correlated with decreases in the abundance of the transcripts induced by both osmotic stress and growth *in planta*. Download

###### 

Figure S2, PDF file, 0.1 MB

###### 

(A and B) Mutants lacking *algU*, *hrpL*, and *rpoN* exhibited large reductions in growth in epiphytic sites (A) and apoplastic sites (B)of bean leaves. Download

###### 

Figure S3, PDF file, 0.1 MB

###### 

RpoN activated genes involved in N metabolism, coregulated much of the AlgU regulon, and regulated many traits in a plant signal-dependent manner. Download

###### 

Figure S4, PDF file, 0.1 MB

###### 

Number of genes for which the difference in transcript abundance between the mutant and the wild type in a given environmental condition differed from that in the basal medium

###### 

Table S1, PDF file, 0.1 MB.

###### 

Effects of environmental conditions on the responses of selected genes to the loss of target regulators

###### 

Table S2, PDF file, 0.1 MB.

###### 

The functional categories in which the representation of differentially-expressed genes was greater than their representation among all of the strain B728a genes

###### 

Table S3, PDF file, 0.1 MB.

###### 

Primers used in this study to construct deletion mutants of the indicated target genes

###### 

Table S4, PDF file, 0.1 MB.

**Citation** Yu X, Lund SP, Greenwald JW, Records AH, Scott RA, Nettleton D, Lindow SE, Gross DC, Beattie GA. 2014. Transcriptional analysis of the global regulatory networks active in *Pseudomonas syringae* during leaf colonization. mBio 5(5):e01683-14. doi:10.1128/mBio.01683-14.

This project was supported by the National Research Initiative Competitive Grants Program grant 2008-35600-18766 from the U.S. Department of Agriculture National Institute of Food and Agriculture.

We thank David Morgan and Jia Wang for help with bacterial recovery from leaf surfaces.

Any mention of commercial products is for information only; it does not imply recommendation for endorsement by the National Institute of Standards and Technology.

[^1]: **Editor** Frederick Ausubel, Mass General Hospital

[^2]: This article is a direct contribution from a Fellow of the American Academy of Microbiology.
